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Blasting has been widely used in mining and construction industries for rock breaking. This paper
presents the results of a series of field tests conducted to investigate the ground wave propagation
through mixed geological media. The tests were conducted at a site in the northwestern part of
Singapore composed of residual soil and granitic rock. The field test aims to provide measurement data to
better understand the stress wave propagation in soil/rock and along their interface. Triaxial acceler-
ometers were used for the free field vibration monitoring. The measured results are presented and
discussed, and empirical formulae for predicting peak particle velocity (PPV) attenuation along the
ground surface and in soil/rock were derived from the measured data. Also, the ground vibration
attenuation across the soil-rock interface was carefully examined, and it was found that the PPV of
ground vibration was decreased by 37.2% when it travels from rock to soil in the vertical direction.
 2019 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
In view of Singapore’s rapid development and land scarcity,
extensive studies are currently being undertaken to consider how
to create extra space for residential, commercial and industrial use.
Various methods and approaches for balancing efficiency and
economical aspects are being considered to create more space,
depending on Singapore’s unique geological characteristics where a
large portion of the bedrock is granite (Sharma et al., 1999; Defence
Science and Technology Agency (DSTA), 2009). Drill-and-blast
method is the most widely used method for large-scale rock
breaking activities in civil engineering construction due to its cost
effectiveness, higher efficiency and ability to break hard rock
(Jhanwar et al., 2000; Bossart et al., 2002; Onederra et al., 2012).
In a blasting operation, the main function of explosives is to
break the rocks by releasing a large amount of energy. However,
only a portion of the energy is consumed in breaking the rocks and
the remaining energy is dissipated in the form of seismic waves
expanding rapidly outward from the blast as ground vibrations andf Rock and Soil Mechanics,
l., Attenuation of rock blast
ttps://doi.org/10.1016/j.jrmge
s, Chinese Academy of Sciences. Pr
y-nc-nd/4.0/).air blast (Hagan, 1979; Lopez-Jimeno et al., 1995; Khandelwal and
Singh, 2007; Kuzu, 2008). Ground vibrations from rock blasting are
a particular concern as the vibration which has high amplitude and
short duration can cause damage to nearby structures. In practice,
the damage to nearby structures due to ground vibrations is
controlled by the building authorities through various rules and
regulations such as limiting the peak particle velocity (PPV).
However, these vibration limits are not always valid, as they
depend on the site-specific geological conditions and the dynamic
characteristics of the structure. Structural responses to ground vi-
brations from blasting have been extensively studied with the
objective to determine safe vibration limits. Duvall and Fogelson
(1962), Wiss (1968), Nicholls et al. (1971) and Wiss and Nicholls
(1974) concluded that blast-induced damage to residential struc-
tures is dependent on the ground particle velocity and the domi-
nant frequency. Various national guidelines associating the
threshold of visible damage to buildings with the PPVs have been
proposed (BS 7385-1, 1990; ISO 4866, 1990; DIN 4150-3, 1999).
Most countries use these regulations to keep the vibration level of
ground and structures within a specific limit. However, there are no
universal vibration limits that can cover all varieties of structures
and geological conditions across various countries.
A number of researchers have investigated the problem of
ground vibration prediction and have proposed various formulaeing induced ground vibration in rock-soil interface, Journal of Rock
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oduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
B. Jayasinghe et al. / Journal of Rock Mechanics and Geotechnical Engineering xxx (xxxx) xxx2(Langefors and Kihlstrom, 1978; Wiss, 1982; Zhou et al., 1998;
Kumar et al., 2016). These formulae were obtained based on field
observations from various sites. According to Siskind et al. (1980),
amplitudes, frequencies and durations of the ground vibrations
change during wave propagation due to various factors such as
geometric absorption and interaction with various geological me-
dia and structural interfaces. Zhou et al. (1998) experimentally
studied the ground shock wave propagation through mixed
geological media due to detonation of explosive in an underground
storage chamber. Kahriman (2004) carried out field tests at a
limestone quarry to establish a reliable formula to predict the PPV.
Field tests are very expensive and time-consuming due to extensive
instrumentation and coordination. Thus, with the rapid develop-
ment of detonation and rock interaction theory and computer
technology, numerical simulation has become a promising method
to understand the rock blasting process (Esen, 2008; Saharan and
Mitri, 2008; Mitelman and Elmo, 2014; Jayasinghe et al., 2017).
Onederra et al. (2012) developed a hybrid stress blasting model
(HSBM) which combines continuous and discontinuous numerical
techniques to model detonation, wave propagation, rock frag-
mentation, and muck pile formation. This model is capable of
predicting the extent and shape of blast-induced damage zonewith
an adequate accuracy. Wu et al. (2004) numerically studied the
ground wave propagation through granite and proposed a formula
to predict PPV attenuation in rock. Wei et al. (2009) investigated
the damage depth into rock mass induced by underground explo-
sion and PPV attenuation in Bukit Timah granite through numerical
simulations using ANSYS LS-DYNA and the numerical model was
calibrated using the experimental results.
The vibration caused by rock blasting is highly dependent on the
blast design, as well as the ground geological condition and the
distance from the blasting location to the location where the vi-
bration is concerned (Nateghi, 2011). Study of blasting is especially
significant to identify the adverse effects, thereby reducing the
potential damage to nearby buildings andminimizing annoyance to
neighboring residents. However, to date, there have been only
limited studies on the impact of vibration generated by blasting in
Singapore. Thus, a series of field tests was conducted at a location in
the northwestern part of Singapore to establish the attenuation law
of the rock blasting induced vibration along the ground surface and
at various depths in the residual soil and rock. The other objective
of this study was to investigate the effect of the soil-rock interface
on the stress wave propagation. Accelerometers were employed at
different standoff distances from the blasting, and the acceleration
time-histories were recorded at the ground surface, at various
depths in the soil, as well in the rock mass to monitor the vibration.Fig. 1. Cross-section of the
Please cite this article as: Jayasinghe B et al., Attenuation of rock blast
Mechanics and Geotechnical Engineering, https://doi.org/10.1016/j.jrmgeIn this paper, a brief description of the test layout and the instru-
mentation is presented first. Then, the measured results and the
analyses of the PPV are presented and discussed.
2. Site geology and test setup
The test site is located in the northwestern part of Singapore. To
study the characteristics of stress wave propagation and reflection
along the rock-soil interface, a rectangular area of 70 m by 30 m
with a downslope soil-rock interface was selected. The residential
and commercial buildings are located far away from the test site.
The nearest structure is a transport depot which is about 430 m
away from the blasting area.
Before the field blast tests, soil investigations were carried out to
establish the subsurface ground conditions. This involved 17
boreholes in which standard penetration tests (SPTs) and undis-
turbed soil sampling were carried out at 3 m interval. In addition, a
cross-hole seismic tomography survey was carried out to verify the
site geological conditions.
The ground conditions of the site consisted of medium-grained
granite bedrock, overlain by residual soils (Zhao et al., 1994a, b). The
rock-cores retrieved from the boreholes indicated the occurrence of
Bukit Timah granite (Sharma et al., 1999). The completely weath-
ered granite G(V) was composed of slightly gravelly fine-to-coarse
sandy silt and this layer was observed in all the boreholes with
thickness varying from 0.6 m to 11 m. The slightly weathered
granite G(II) was encountered at depths of between 0.6 m and 11 m
below the ground level.
Fig. 1 shows the cross-section of the test site, which shows a
downward sloping soil-rock interface. In order to determine the
PPV, it is necessary to measure the vibration in three orthogonal
directions. Thus, triaxial accelerometers were used for the free field
vibration monitoring. The axes monitored by the accelerometers
are longitudinal (radial), vertical and transverse. Two types of ac-
celerometers (BnK 4520 and 4524 series) were used and they were
designed for measuring high gravitational acceleration with inbuilt
preamplifiers which operate over a frequency range of 2e7000 Hz
and 0.25e3000 Hz, respectively.
In total, 14 triaxial accelerometers were employed at different
standoff distances from the blast holes, as shown in Fig. 1. Acceler-
ometers R1-R5 and S1-S5 were employed to measure the acceler-
ation time-histories in rock and near the ground surface,
respectively. In addition, four accelerometers (F1, F2, F3 and M1)
were used to measure the free field ground shock at various soil
depths. Table 1 shows the locations of the accelerometers. Locations
of the blast holes (denoted by the notations B0, B1, etc.) are alsofield test site (unit: m).
ing induced ground vibration in rock-soil interface, Journal of Rock
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Table 1
Locations of accelerometers.
Sensor No. Distance from
BH C (m)
Depth below ground
surface (m)
S1 (in soil) 15 0.5
S2 (in soil) 19 1.65
S3 (in soil) 28 0.5
S4 (in soil) 39 0.5
S5 (in soil) 57 0.5
R1 (in rock) 13.7 8
R2 (in rock) 15 8
R3 (in rock) 19 8
R4 (in rock) 28 10.7
R5 (in rock) 57 8
F1 (in soil) 19 5.5
F2 (in soil) 28 8
F3 (in soil) 39 8
M1 (in soil) 28 10.3
Fig. 2. Accelerometers firmly insta
Fig. 3. Installation of accelerometers in rock: (a) Accelerometer fixture; (b) Accelerometer w
the sensor orientation.
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Mechanics and Geotechnical Engineering, https://doi.org/10.1016/j.jrmgeshown in Fig. 1. All the distances are measured from the reference
borehole C (BH C), which was used in the soil investigations.
To accurately measure the ground vibration in rock, the mea-
surement boreholes were drilled first. Then, an accelerometer was
firmly installed inside a metal casing (metal penetrator), whose
outer diameter is smaller than the measurement borehole, as
shown in Fig. 2. Next, the accelerometer with the metal casing was
attached to a long installation pipe to ensure the alignment of the
accelerometer with the pipe. Later, the entire measurement setup
was lowered into the borehole till it reached the specified depth.
Then the installation pipe was removed by releasing the wire rope
and leaving the accelerometer with the metal casing in the bore-
hole. Subsequently, the measurement borehole was grouted to
ensure that the casing was firmly set in place. This installation
procedure was used to ensure that the accelerometers move
together with the surrounding rock and accurately capture the free
field vibration intensity. Installation of the accelerometers in rock is
illustrated in Fig. 3.lled inside the metal casings.
ith the metal casing attached to an installation pipe; and (c) Ensuring the alignment of
ing induced ground vibration in rock-soil interface, Journal of Rock
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challenging, since soil is relatively more flexible in terms of stiff-
ness, thus the accelerometers cannot be rigidly (or relatively
rigidly) attached. Proper installation is required to ensure that the
time-history recorded by the accelerometers is not the response of
the sensor itself, but the free field acceleration of the soil. For the
installation of the surface sensors, the casings with accelerometers
were directly pushed 0.5 m below the ground surface, with the aid
of a pre-drilled guide hole. For the sensors in the soil, for example
the sensors installed at 8 m below the ground surface, the mea-
surement boreholes were drilled to 7.8 m depth and the casings
with accelerometers were lowered into the hole. Then the casing
was pushed 0.2 m deep and subsequently the hole was backfilled
with soil. This installation procedure was used to ensure that the
casings are in firm contact with the surrounding soil, which allows
accurate measurement of the free field ground vibration. Installa-
tion of accelerometers in the soil is illustrated in Fig. 4.Fig. 4. Installation of accelerometers in the soil at (a) 0.5 m and (b) 8 m below ground
surface.
Table 2
Summary of blast tests.
Blast test Distance from BH C (m) No. of blast holes ANFO mass (kg)
B0 1 1 6.25
B1 2 1 12.5
B2 5 1 24
B3 8 2 58.1
B3A 3 3 84.9
B4 8 6 168.5
Fig. 5. Measured acceleration at R1 in the
Please cite this article as: Jayasinghe B et al., Attenuation of rock blast
Mechanics and Geotechnical Engineering, https://doi.org/10.1016/j.jrmgeIn total, six blasting tests were carried out, as summarized in
Table 2. The first two blast tests (B0 and B1) were carried out to
check and test the data logger’s settings, and the remaining four
blast tests (B2, B3, B3A and B4) were conducted to study the
propagation and attenuation characteristics of the blast-induced
vibrations on the ground surface, in the soil and rock. The
sequence of the tests was B0, B1, B2, B3, B3A and B4, respectively.
Each blast hole was 76 mm in diameter and the explosives used in
the tests were ammonium nitrate-fuel oil (ANFO). The detonator
used in the test was an electronic detonator. The middle of the
ANFO charging columns in each hole was kept in a horizontal line,
as illustrated in Fig. 1. Thus, the depths of the holes varied between
9.3 m and 12.9 m while stemming column and ANFO charging
column heights were 2.8e7.1 m and 2.2e9.3 m, respectively.
Stemming is the portion of blast hole which had been packed with
gravel chips (less than 10 mm in size) above the charge so as to
confine and retain the gases produced by the explosion, thus
improving the fragmentation process.
3. Results and discussion
As described above, the measured ground vibrations in all the
accelerometers from blast tests B2, B3, B3A and B4 were used to
study the propagation and attenuation characteristics of blast-
induced vibration on the ground surface, in the soil and rock. The
PPV attenuation laws for blast-induced vibration on the ground
surface, in the soil and rock, were developed and the wave
strengthening and weakening effects due to wave reflection along
the soil-rock interface were investigated by analyzing the re-
lationships between PPV and scaled distance (SD), where SD is
calculated by dividing distance from blasting point to vibration
measurement point (D) by the square root of charge weight (W).
3.1. Ground vibration data
Acceleration time-histories in three directions (longitudinal,
vertical and transverse) were monitored for each blast. Then, the
velocity time-histories were obtained by numerically integrating
the acceleration time-histories after a baseline correction and PPV
values were calculated as the vector sum of three velocity com-
ponents evaluated at the same time. Fig. 5 shows a sample of the
recorded acceleration time-history at R1 in the longitudinal direc-
tion for blast test B2, and the corresponding calculated velocity
time-history is shown in Fig. 6.
Figs. 7 and 8 show the calculated velocity time-histories in the
vertical direction at R4, just below the soil-rock interface, and at
M1, just above the soil-rock interface, respectively, calculated dur-
ing blast test B2. Very high frequency components of the stress
wave attenuate very quickly when it propagates in the soil mass.longitudinal direction for blast test B2.
ing induced ground vibration in rock-soil interface, Journal of Rock
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Fig. 6. Velocity time-history at R1 in the longitudinal direction for blast test B2.
Fig. 7. Velocity time-history at R4 in the vertical direction for blast test B2.
Fig. 8. Velocity time-history at M1 in the vertical direction for blast test B2.
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has a significantly smaller amplitude compared to that inside the
rock mass (at R4).
The calculated PPV values at each monitoring point for each
blast are presented in Table 3. The accelerometers at monitoring
points S5 and F1 had poor signals in the vertical directionwhile the
accelerometer at M1 had poor signals in the longitudinal direction
for all of the blast tests. The accelerometers at monitoring points R1
and R4 had poor signals in all three directions for blast tests B3A
and B4 and B3 to B4 tests, due to that the sensors were damaged
during and/or after the installation. Thus, the PPV values were not
computed for those corresponding points as tabulated in Table 3.
3.2. PPV attenuation at ground surface
The calculated PPV values at monitoring points S1, S3, S4 and S5
were used to study the PPV attenuation along the ground surface.Please cite this article as: Jayasinghe B et al., Attenuation of rock blast
Mechanics and Geotechnical Engineering, https://doi.org/10.1016/j.jrmgeThe test data include the charge weight (W), distance from blasting
point to vibration measurement point (D), and PPV values at those
monitoring points. The plotted graphs between PPV and SD for each
blast test are shown in Fig. 9.
It can be clearly seen that the attenuation coefficient values are
different for each test, mainly due to the down-slope soil-rock
interface. The interface can affect the wave attenuation signifi-
cantly, for both the PPV and the attenuation trend. The cracks
developed from the previous blast may also possibly have some
influence on the blast energy dissipation and wave propagation.
All the PPV values at ground surface were plotted against SD in
log scale, as shown in Fig. 10. The ground vibration attenuation
equation of the relation between the PPV and SD, with coefficient of
determination (R2), is shown in Fig. 10.
The empirical PPV attenuation law along the ground surface can
be fitted by Eq. (1) with the coefficient of determination (R2) of
0.8586:ing induced ground vibration in rock-soil interface, Journal of Rock
.2018.12.009
Table 3
PPV values at the monitoring points.
Monitoring point PPV (mm/s)
B2 B3 B3A B4
S1 164.1 332.6 212.4 363.9
S2 68.5 139.7 90.4 179.2
S3 33.1 71.46 62.85 71.76
S4 22.2 35.5 36.19 37.73
S5
F1
F2 57.1 122.7 80.6 112.1
F3 21.3 31.25 36.38 39.93
M1
R1 254 558
R2 223 358 226 371
R3 182 332 216 592
R4 85
R5 12.6 19.31 21.14 15.9
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Fig. 9. PPV attenuation along the ground surface for blast tests (a) B2, (b) B3, (c) B3A,
and (d) B4.
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3.3. PPV attenuation in soil
Accelerometers S2 and F1were installed in the soil at 1.65m and
5.5 m below the ground surface, respectively, to study the ground
vibration attenuation in the soil at different depths. Unfortunately,
the PPV at F1 could not be determined as the accelerometer F1 had
a poor signal in the vertical direction. Hence, the outputs from the
accelerometer at the monitoring point S2, which is located in soil
1.65 m below the ground surface, were used to study the PPV
attenuation in the residual soil. The empirical relationship between
SD and PPV is plotted in Fig. 11 and the fitting curve can be
expressed in Eq. (2) with R2 ¼ 0.9254:
PPV ¼ 161:91ðSDÞ0:826 (2)
3.4. PPV attenuation at 8 m depth below the ground surface
As shown in Fig. 1, a total of six accelerometers were installed at
8 m below the ground surface with four sensors (R1, R2, R3 and R5)
in rock and two sensors (F2 and F3) in soil. The outputs from each
accelerometer were used to study the PPV attenuation at 8 m depth
below the ground surface and to investigate the effects of the soil-
rock interface on the PPV attenuation trends.
The plotted graphs between PPV and SD for each test are pre-
sented in Fig. 12. At 8 m depth, the rockesoil interfaces were found
just after the monitoring point R3 and between the monitoring
points F3 and R5. The vertical red lines in the figure indicate the
soil-rock interface locations at 8 m depth. When comparing the
PPV in the rock (R1-R3) and in the soil (F2 and F3), it is clear that
the wave attenuation in rock is much slower than that in the soil.
Fig. 12 shows that the soil-rock interface plays a significant role in
the blast wave propagation. The PPV value declines drastically
after the soil-rock interface. It can also be clearly seen that the PPV
attenuation laws are different for each test. As stated above, this is
mainly due to the wave strengthening and weakening effect due to
wave reflection along the soil-rock interface and possibly the blast
energy dissipation through the cracks developed during the pre-
vious blasts.
All the PPV values calculated at 8m depth below the ground level
were plotted in Fig. 13. The obtained empirical equation from the
graph for ground vibration attenuationwhich correlates the PPV and
SD (with coefficient of determination of 0.8191) is shown as
PPV ¼ 337:18ðSDÞ1:433 (3)Please cite this article as: Jayasinghe B et al., Attenuation of rock blasting induced ground vibration in rock-soil interface, Journal of Rock
Mechanics and Geotechnical Engineering, https://doi.org/10.1016/j.jrmge.2018.12.009
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Fig. 10. PPV attenuation along the ground surface combining all field tests.
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Fig. 12. PPV attenuation at depth of 8 m for blast tests (a) B2, (b) B3, (c) B3A and (d) B4.
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surface and at depth of 8 m below the ground surface. The red
dashed line and blue line represent the PPV attenuation trends at
8 m depth below the ground surface and on the ground (soil)
surface, respectively. It is noted that the PPV values at 8 m depth
below the ground surface are higher than those at ground surface in
the near field. However, when the distance from the blast hole
increases, the blast wave attenuates faster in deeper level than that
on the ground surface. For blast test B4, when the scaled distance is
greater than 2.54 m/kg1/2, i.e. the distance from the blast hole is
greater than 33 m, the PPV on the ground surface is much higher
than that at 8 m depth below the ground surface. This is due to that
the bodywaves are predominant at the near field and they decrease
with the distance from the vibrating source. On the other hand, the
intensities of surface waves are higher at the far field when
comparing with the body waves. The measured results revealed
that PPV attenuation rate is quite different at the ground surface
and at different depths from the ground surface.
Moreover, in order to understand the stress wave distribution
along the vertical direction, four accelerometers (S3, F2, M1 and R4)
were installed at different depths from the ground surface at 28 m
distance away from the BH C. As discussed above, accelerometer S3
was located just below the ground surface and it was used to
measure the stress wave propagation on the ground surface while
accelerometer F2 was used to measure the stress wave propagation
at 8 m depth in soil mass. The accelerometers M1 and R4 were
installed just above and below the soil-rock interface, respectively.
Since the accelerometer M1 had poor signals in the longitudinalPlease cite this article as: Jayasinghe B et al., Attenuation of rock blasting induced ground vibration in rock-soil interface, Journal of Rock
Mechanics and Geotechnical Engineering, https://doi.org/10.1016/j.jrmge.2018.12.009
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Fig. 13. PPV attenuation at 8 m depth combining all field tests.
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Fig. 14. Comparison of PPV attenuation at ground surface and depth of 8 m for blast
test B4.
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be compared. Hence, the peak velocities in the vertical direction
were used to compare stress wave distribution along the vertical
direction. Fig. 15 shows the stress wave distribution along the
vertical direction for blast test B2. It can be seen that the ground
vibration on the ground (soil) surface is much smaller when
comparing to that in the soil mass as well as in the rock mass. Also,
stress wave inside the soil mass is smaller compared to the stressS3
F2
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R4
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Fig. 15. Stress wave distribution along the vertical direction for blast test B2.
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Mechanics and Geotechnical Engineering, https://doi.org/10.1016/j.jrmgewave inside the rock mass as the stress wave attenuates very
quickly when propagating across the soil-rock interface. Since the
PPV on the ground surface can be smaller than that below the
ground surface, it may not be suitable to use the ground surface
measurement to assess the safety of the underground structures
under rock blasting induced vibration.
4. Conclusions
This paper summarized the field test results from a series of
blasting tests conducted at a site with residual soil overlying
granitic rock in Singapore. A downward sloping soil-rock interface
existed at the test area. Triaxial accelerometers were used to
measure the free field acceleration time-histories on the ground
surface, at various depths in the soil layer and in the rock.
This research developed the PPV attenuation laws for blast-
induced vibration on ground surface and at various depths below
the ground level. It was found that the PPV attenuation trend varies
with the change of the geological conditions. Even at the same site,
PPV estimation can be quite different at different locations/di-
rections. Thus, it is recommended that blasting contractors should
provide direction-based PPV attenuation prediction formulae, and
update the formulae at different excavation stages as variations in
geological profile (as excavation is sequentially carried out) can
change the PPV attenuation significantly.
It was also found that PPV on the ground surface can be
significantly smaller than that below the ground surface, thus it
may not be suitable to use the ground surface measurement to
assess the safety of the underground structures (such as foundation
and pipeline) under rock blasting induced vibration.
Also, the ground vibration attenuation across the soil-rock
interface was carefully examined and the study shows that the
soil-rock interface plays a significant role in reducing the ground
vibration intensity. It is recommended that for blasting site with a
close range soil/rock interface, further field tests and/or numerical
simulations are needed, in order to understand the potential
amplification of PPV due to the soil-rock interface.
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